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There are disagreements in the literature about the criteria to be used to
ascertain whether or not a measure of association is confounded. The authors
postulate the general principle that a crude unconfounded measure of association
is structurad as a weighted average of the stratum-specific values of the measure.
They examine the relationships between stratum-specific measures of associa-
tion, crude overall measures, and weighted averages of stratum-specific mea-
sures, and indicate how these relationships may be used to define criteria for
the assessment of confounding in cohort studies in which the exposure, disease,
and stratification variables are classified dichotomously. The criteria presented
differ for the risk ratio and for the disease-odds ratio. In other words, one can
reach different conclusions about the confounding effect of a given extraneous
variable, depending on which measure of association is chosen. This view differs
from that of Miettinen and Cook (Confounding: essence and detection. Am J
Epidemiol 1981;114:593-603) who postulated one set of criteria for the assess-
ment of confounding, which was applicable to bolh measures of association.
These different approaches may lead to different conclusions about the presence
or absence of confounding.

epidemiologic methods; siatistics

A frequently encountered question in the
analysis of epidemiologic data is whether a
crude measure of association is confounded
by the effect of an extraneous variable (1).
However, there are disagreements in the
literature about the criteria to be used teo
ascertain whether or not a measure of as-
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sociation is confounded. In this paper, we
start from the general principle that a crude
unconfounded measure of association is
structured as a weighted average of the
stratum-specific values of the measure. We
examine the relationships between stra-
tum-specific measures of asscciation, crude
overall measures, and weighted averages of
stratum-specific measures, and indicate
Lhow these relationships may be used to
define criteria for the assessment of con-
founding. We also estend our discussion to
the question of the direction, positive or
negative, of confounding effects.

NOTATION AND RESTRICTIONS

Consider a simple representation of co-
hort studies in which the exposure, disease,
and stratification variables are all dichoto-
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mple representation of co-
vhich the exposure, disease,
mn variables are all dichoto-

us, i.e., a 2 X 2 X 2 table. To simplify
presentation, we restrict our discussion
characteristics of expected values of es-
ators and, hence, do not address the
ue of whether or not data-based criteria
uld be used in assessing confounding. In
ddition, we only consider the case of ho-
geneity of the stratum-specific measures
association. The notation is presented in
les 1 and 2.

CONFOUNDING OF THE RISK RATIO

A frequently used measure of association
the analysis of cohort studies is the risk
io (RR). Using the notation presented
tables 1 and 2, the stratum-specific risk
atios (RR;, i = 1, 2) are:

it a;/n;

R = bym,

The crude risk ratio (RR.) can be rep-
ented as a ratio of the weighted average
the disease risks in the exposed subjects
the weighted average in the unexposed,
h weights (n,/n.) and (ny/n.) in the
umerator and (m;/m.) and (ms/m.) in
denominator, i.e.,

TABLE 1

Notation for the i stratum of a cohort study of the
“effect of a dichotomous exposure on a dichotomous
disease status

Counts*® of subjects in
Disease exposure category

status

Exposed Unexposed
isease a; b;
o disease o d;
11 subjects n i

‘ * =1, 2 forstrata 1 and 2, respectively; throughout,
dot indicates summation across a subscript.

TABLE 2
Notation for risks and disease-odds

Notation* in exposure category

Parameter

Exposed Unexposed

CONDITIONS FOR CONFOUNDING

(ri-) = (bi/my)
(0:.) = (bifdy)

isk (ric) = (a/m)
isease-odds (o) = (aifcs)

i=1,2forstrata 1 and 2, respectively; throughout,
dot indicates summation across a subscript.
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a m
RR. = a./n. _ mn.
" b./m. _b_lﬂ._m_1+
my m.

_ Arndu/n.) + (ro)(ns/n.)
(ri)(my/m.) + (roo)(ma/m )

RRy(r-}(my/n.)
+ RRu(ro ){(na/n.)
(ri-)m/m.)
+ (ry ) (mo/m.)

as No
o 1.

bz meq
Mo M.

(1

RR. = (w,RR:y) + (w=RRy}, (2)

where

_ (ri-)(m/n.)
(ri-Yma/m.) + (ro)(me/m.)

Wy

and

) (ra-)m/n.)
(Y ma/m.) + (reY(ma/m.)

Wy

The crude risk ratio represents a
weighted average of the stratum-specific
risk ratios if and only if (w; + w) = 1.
Starting from the general principle that a
crude unconfounded measure of association
is structured as a weighted average of the
stratum-specific values of the measure,
there is no confounding of the crude risk
ratio when (w; + w,) = 1. The two situa-
tions in which this occurs are {(a) (ri_) =
(r.2), i.e., the risk in the unexposed is the
same in the two strata. In this case, r;- and
ry cancel out from the numerator and de-
nominator of w; and w,; using the fact that
(n; + ny) = (n.) and (my + my) = (m.), it
can be shown that (w, + w.) = 1. Note that
since the stratum-specific risk ratios are
equal, (r;-) = (ro-) implies that (ri,) = (r21);
and (b) (ny/ny)/(mi/my) = 1, i.e., the strat-
ification variable is not associated with the
exposure among all study subjects, that is,
unconditionally. If (niy/n.)/(my/mg) = 1,
then {n,/n.) = (my/m.) and (ny/n.) = (my/
m.), and, therefore, (w, + wy) = 1.
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In summary, then, when (ri-) = (r.-), or
{(n/n2)/(my/my) = 1, or both, there is no
confounding of the crude risk ratio. These
conditions are generally well known and
have been described, for example, by Klein-
baum et al. (2).

Because of the homogeneity of the stra-
tum-specific risk ratios, equation 2 may be
simplified to:

RR. = (w; + ws) RR,
where
RR = RRl = RR2

Positive confounding of the crude risk
ratio occurs when (w; + wy) > 1 and nega-
tive confounding when (w, + wy) < 1. In
the case of positive confounding, the crude
risk ratio is larger than the stratum-specific
values, and for negative confounding, it is
smaller.

The weights defined in equation 2 may
be used to determine the conditions under
which positive and negative confounding of
the erude risk ratioc occur. In general,

(wr + we) =
(n)m/n.) + (r-)(ne/n.)
(ri{ma/m.) + (re-)ma/m.)
Positive confounding occurs if and only
if the numerator of equation 3 is larger than
its denominator, i.e., if and only if:
[(r)(n/n.) + (o ){na/n )]
> [(r-)(my/m.) + (re-)(ma/m ),

3

which is equivalent to

[(r-)n/n. — mi/m.}]
> [(ro-Yn/n. ~ mu/m.)L
Some algebra shows that this inequality
applies if and only if (a) the stratification
variable is positively associated with both
the disease and the exposure, ie., (r..) >
(ro-) and (n1/nz) > (ma/mo), or (b) the strat-
ification variable is negatively associated
with both the disease and the exposure, i.e.,
(r-) < (ro-) and (ny/ns) < (ma/my).
Analogously, it can be shown that there
is negative confounding of the crude risk
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ratio if and only if (a) {r-) > (r-) and
(ny/ng) < (my/ms) or (b) (ri-) < (r:.) and
(nu/ng) > (mi/my).

CONFOUNDING OF THE DISEASE-ODDS
RATIO

Shapire (3) showed that the structure of
the crude odds ratio differs from that of the
crude risk ratio. In a cohort study, the

stratum-specific disease-odds ratios (OR,, { bove

= 1, 2) are: en a
urs

O a;/C; ?

OR; = — = &/t . robl:

0;— bi/ d; Bec

The crude odds ratio (OR.) can be rep-
resented as a ratio of the weighted average
of the odds in the exposed subjects to the
weighted average in the unexposed, with
weights proportional to the numbers of sub-
jects free of disease.

) b, B n pa
_a.je. ¢ C. Ca C. atio,

OR-=37d. "bid bod he ¢

dd.  dd. onfo

nd {

OR. = (1,0R;) + (1:0Rz), (5) Day ¢

1ve &

where ire-

b= (0-Mes/e.) weiglh

17 (o)(di/d.) + (0, )(do/d.) to de.

es, 4

and 2% 2
o (02-){(cafc. ) (v,

= 0)difd) + (0:)(do/d.)’

The crude odds ratio represents a
weighted average of the stratum-specific
odds ratios if and only if (v, + vg) = L
Using our postulate about the structure of
crude unconfounded measures of associa-
tion, there is no confounding of the crude
odds ratio when {(v1 + vy) = 1. The two
situations in which this cccurs are (a) (r-)
= {r,.), which is equivalent to (0,-) = {02-);
and (b) (¢i/ca)/(di/dy) = 1, L.e., the stratifi-
cation variable is not associated with the
exposure among the nondiseased subjects,
that is, conditionally on nondisease. In
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hese two cases, in parallel to what was
one for equation 2, it can be shown that
Uy + 02) = 1. 8o, as described by Kleinbaum
t al. (2), when (r..) = (r,.), or {c;/c.)/(ds/
) = 1, or both, there is no confounding of
he crude odds ratio. In contrast, Miettinen
nd Cook (4) assess confounding of the
rude odds ratio and the crude risk ratio by
he same criteria, the ones we described
bove for the risk ratio. Thus, the Mietti-
en and Cook (4) approach, in contrast to
urs, does not interpret confounding as a
roblem of weighted averages.

Because of the homogeneity of the stra-
um-specific odds ratios, equation 5 may be
mplified to:

OR. = (Ul + Ug) OR,
here
OR = ORl = ORZ

n parallel to what was done for the risk
atio, positive and negative confounding of
he crude odds ratio may be defined as
onfounding occurring when (v; + vy) > 1
nd (v; + vs) < 1, respectively. Breslow and
ay (5) described the conditions for posi-
ve and negative confounding of the expo-
ure-odds ratio in case-control studies. The
eights defined in equation 5 may be used

define these conditions for cohort stud-
s, again restricting our discussion to the
X 2 X 2 table. In general,

_ Lo )lafe.) + (02 )(ey/c.)
(0:-)(di/d.) + (0.-)(dy/d.)"
(6)

Positive confounding occurs if and only
‘if the numerator of equation 6 is larger than
its denominator, i.e., if and only if:

(o) erfe.) + (oo We/e )]
> [0, ){d/d.) + (0, ){do/d )],

Some algebra with this inequality shows
that positive confounding occurs if and only
if (1) > (ro-) and (¢y/c2) > (di/dy), or (1)
< (ro_) and {c1/co) < (d;/d.). These criteria
are the same as those for positive confound-
ing of the risk ratio, except that the con-

(v + vy)
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founder-exposure association is assessed
conditionally on nondisease rather than in
the total population. Analogously, there is
negative confounding of the crude odds ra-
tio if and only if {a) (r,-) > (ry_) and {c,/
) < (dy/dy) or (b) (r-) < (r:-) and {c:/cy)
> {(d,/dy).

The discussion presented in this section
deals with the disease-odds ratio, a measure
of intrimsic interest in cohort studies (6).
However, it is well-known that the expo-
sure-odds ratio obtained from case-control
studies is equal to the disease-odds ratio
from cohort studies (7). Consequently, the
conditions for positive, negative, and no
confounding of the disease-odds ratio also
apply to the exposure-odds ratio.

EXAMPLE: RISK RATIO

Table 3 shows data from a hypothetical
population in which the stratum-specific
risk ratios are equal. The conditions for
positive confounding of the crude risk ratio
are present. {a) (r-) > {ry-), L.e., the strat-
ification variable is positively associated
with the disease: (r,.) = 200/480 = 0.42 >
0.08 = 20/240 = (ro-); and (b) (ny/nz) >
{rm,/m,), i.e., the stratification variable is
positively associated with the exposure:
{n/ns) = 1,680/264 = 6.36 > 2.00 = 480/
240 = (ml/mz).,

The presence of positive confounding is
confirmed by inspection of table 3; the two
gtratum-specific risk ratios are equal to 2.00
and the crude is equal to 2.43.

EXAMPLE: ODDS RATIO

Miettinen and Cook (4) presented the
hypothetical cohort data in table 4. The
conditions for negative confounding of the
crude odds ratio are present. (a) {r-) >
(ro_), L.e., the stratification variable is pos-
itively associated with the disease: (r;_) =
95/100 = 0.95 > 0.01 = 1/100 = (r,-); and
(b} (ey/cy) < (di/ds}, i.e., the stratification
variable is negatively associated with the
exposure among the subjects without dis-
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TABLE 3
Hypothetical data from a cohort study: homogeneity of the stratum-specific risk ratios

S Disease Counts of subjects in subgroup Risk Odds
wtratum . . . .
status Exposed Unexposed ratio ratio
1 Disease 1,400 200 2.00 7.00
No disease 280 280
All subjects 1,680 480
2 Disease 44 20 2.00 2.20
No disease 220 220
All subjects 264 240
142 Disease 1,444 220 2.43 6.56
No disease 500 500
All subjects 1,944 720
TABLE 4

Hypothetical dato from a cohort study: homogeneity of the stratum-specific odds ratios, Miettinen and Cook (4)

5 Disease Counts of subjects in subgroup Risk Odds
wtratum . . . .
status Exposed Unexposed ratio ratio
Male Disease 99 95 1.04 5.21
No disease 1 5
All subjects 100 100
Female Disease 5 1 5.00 5.21
No disease 95 99
All subjects 100 100
Male + female Disease 104 96 1.08 1.17
No disease 96 104
All subjects 200 200

ease: (¢;/c) = 1/95 = 0.01 < 0.05 = 5/99 =
(d\/dy).

The presence of negative confounding is
confirmed by inspection of table 4. The two
stratum-specific odds ratios are equal to
5.21, and the crude is equal to 1.17.

MATCHING

The criteria defined in the previous sec-
tions for the assessment of confounding are
useful for understanding some of the prin-
ciples underlying the analysis of matched
studies. In order to continue to restrict our
discussion to the 2 X 2 X 2 table, we con-
sider frequency matching for a dichoto-
mous variable. The results also apply to
individual matching for a dichotomous var-
iable when, as suggested by Kleinbaum et
al. (2), instead of preserving the individual
matches, the data are stratified for analysis

according to the two categories of the
matching variable. An example would be
pair matching for sex, with the data pre-
sented separately for males and females, as
in table 4.

The effect of frequency matching in a
cohort study is to force the ratios (r;/m,) to
be equal. In the 2 X 2 X 2 table, then, (n,/
n.)/(m,/m.) = 1, which means that, accord-
ing to the criteria we defined above, there
is no confounding of the crude risk ratio. It
follows that when matching for a dichote-
mous variable has been carried out in a
cohort study, the crude risk ratic is equal
to the stratum-specific values. This point
has already been made by Kleinbaum et al.
(2), and a numerical example was given by
these authors.

In contrast, even when matching is used
in the selection of study subjects in a cohort
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study, the crude odds ratio may be con-
founded. The relevant sufficient condition
for the absence of confounding is {c,/c,)/
(di/d,) = 1, but this condition will generally
not be met for a frequency matching design,
that is, even if (n:/n.)/(mi/my) = 1. This
has already been recognized implicitly by
epidemiologists, especially in the analysis
of case-control studies, but also in cohort
and experimental studies. Even when
matching has been used in the selection of
the subjects, a “matched analysis” of the
data is usually carried out to obtain an
estimate of the odds ratio (8). The data in
table 4 may be used as an example. Suppose
that pair matching was carried out in the
selection of study subjects, and that the
data were later grouped by sex for the
analysis. [t might be suggested that there
is no confounding of the crude odds ratio
because of the equal ratio of exposed to
unexposed subjects in each stratum. How-
ever, the crude odds ratio is 1.17, clearly
not a weighted average of the stratum-spe-
cific values 5.21 and 5.21. According to our
criteria, the crude odds ratio is confounded,
and a stratified analysis such as the Man-
tel-Haenszel (9) procedure must be used.

OTHER MEASURES OF ASSOCIATION

The attributable risk is defined as the
difference between the risk of disease in the
exposed and the unexposed. In the case of
homogeneity of the stratum-specific attrib-
utable risks, the crude attributable risk
(AR.) can be shown to be equal to:

AR. = AR + [(r.)
= (re))(n/n. ~ my/m.),

where
AR = AR, = AR..

There is no confounding of the crude
attributable risk when the term T = [(r,_)
~ (r ) ny/n. — my/m.) is equal to zero.
Positive and negative confounding occur
when 7' > 0 and T < 0, respectively. It can
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easily be shown that the conditions for
positive, negative, and no confounding in
the case of homogeneity of the attributable
risk are the same as those described for
homogeneity of the risk ratio.

Our results for the risk ratio and the
attributable risk also apply for the inci-
dence rate ratio and incidence rate differ-
ence, respectively, replacing in our equa-
tions the total numbers of subjects n; and
m; by the person-times at risk, and the risks
ri+ and ri_ by incidence rates. Finally, the
results of this paper apply for measures of
association for the occurrence of no disease
rather than of disease. This may be shown
with the arguments we presented, keeping
the notation identical, except that in table
1, the first row represents “No disease,”
and the second row “Disease.”

POLYCHOTOMOUS STRATIFICATION
VARIABLES

The results given in this paper apply to
the 2 X 2 X 2 table. Readers interested in
the 2 X 2 X J table, J = 3, may refer to
Whittemore (10) and Shapiro (3): These
authors showed that the necessary condi-
tions given here for the absence of con-
founding of the odds ratio and of the risk
ratio are sufficient but not necessary for
the 2 X 2 x J table.
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